Abstract Industry and research have long desired the establishment of standards for weldability testing in regards to hydrogen-assisted cold cracking formation. This would have the obvious advantage of allowing data to be reliably compared between different research labs. But making decisions regarding standards requires some careful thought and agreement on i) how test parameters affect test results, ii) what exactly needs to be measured, and iii) how test results should be interpreted and reported. Our depth of understanding on these points has matured significantly over time and, while there is not always universal agreement, it is at least possible to start highlighting factors important to standards. This paper examines these factors, including the welding parameters, restraint, hydrogen, and cracking index. When comparing different alloys having different thermal characteristics, the use of constant welding parameters (common practice) will result in variable weld penetration and weld pool shape, which can influence grain shape and microstructural features, which can result in inequitable weldability comparisons. Welding on test coupons having different dimensions can affect restraint, which will influence the residual stresses around the weldment. High restraint usually results in higher crack susceptibility. Also, hydrogen content present in a weldment depends on the thermal history, welding parameters, and surrounding atmosphere humidity, with high hydrogen contents associated to great cracking susceptibility. Finally, the selection of an appropriate cracking index is required for data analysis. Quantifications of crack length and minimum preheat temperature are common indexes used for comparison. Critical stress and hydrogen content are other indexes. But how well these indexes actually represent weldability are contentious issues. This paper will examine and quantify these issues in detail, thus providing the reader with an appreciation of all things that must be considered when preparing a standardized procedure for weldability testing.
Abstract Industry and research have long desired the establishment of standards for weldability testing in regards to hydrogen-assisted cold cracking formation. This would have the obvious advantage of allowing data to be reliably compared between different research labs. But making decisions regarding standards requires some careful thought and agreement on i) how test parameters affect test results, ii) what exactly needs to be measured, and iii) how test results should be interpreted and reported. Our depth of understanding on these points has matured significantly over time and, while there is not always universal agreement, it is at least possible to start highlighting factors important to standards. This paper examines these factors, including the welding parameters, restraint, hydrogen, and cracking index. When comparing different alloys having different thermal characteristics, the use of constant welding parameters (common practice) will result in variable weld penetration and weld pool shape, which can influence grain shape and microstructural features, which can result in inequitable weldability comparisons. Welding on test coupons having different dimensions can affect restraint, which will influence the residual stresses around the weldment. High restraint usually results in higher crack susceptibility. Also, hydrogen content present in a weldment depends on the thermal history, welding parameters, and surrounding atmosphere humidity, with high hydrogen contents associated to great cracking susceptibility. Finally, the selection of an appropriate cracking index is required for data analysis. Quantifications of crack length and minimum preheat temperature are common indexes used for comparison. Critical stress and hydrogen content are other indexes. But how well these indexes actually represent weldability are contentious issues. This paper will examine and quantify these issues in detail, thus providing the reader with an appreciation of all things that must be considered when preparing a standardized procedure for weldability testing. Cracking is generally believed to result from the tensile fracture at room temperature of a hydrogenated solid metal. Significant work has already been devoted to characterize weldability [1] [2] [3] [4] [5] . In addition, there is no huge disparity found in alloy rankings between different tests and laboratories [6] . In addition, there does not appear to be a large disparity between test rankings and perceived real-world behaviour [3, 6] . However, even though the numerous existing tests appear to do a reasonable job of providing a rough comparison (i.e. ranking) of alloy weldability, the problem arises in not knowing how variations in testing procedure may affect test rankings and how test results relate to real welding applications. Difficulty may be encountered in deciphering small differences in weldability between similar alloys. There is also the inability to predict, with any certainty, whether or not cracking will occur in a specific application. This has led one to question the validity of these trends, if tests are being performed correctly, or if the correct things are being measured. In essence, this begs a bigger question of how test measurements actually relate to weldability.
Full-scale testing [4, 6] has been adopted in an effort to bypass the difficulties inherent in predicting field behaviour from small-scale laboratory tests. However, due to the complexity and large dimensions of full-scale testing, smallerscale restraint cracking tests have been developed to evaluate the weldability in laboratories, limiting the full-scale weldability tests to a validation role of in-field welding procedure. Nevertheless, limitations exist in providing an overview of the alloy's weldability. The broad spectrum of loading methods (e.g. load orientation, tension, or bending) and weldability test design (shape, size) bring about inconsistencies in the testing methodology and collected data. These discrepancies highlight a lack of understanding and agreement on the critical variables controlling crack formation.
The goal of the present paper is to provide a perspective on establishing future standards for the weldability testing of different alloys and welding conditions. A review of the status of current weldability testing in the literature is compiled to identify important test parameters and test limitations. The meaning behind weldability data is examined. A checklist summary is provided that facilitates the comparison of weldability data.
Alloy composition
When considering weldability, minute details regarding alloy composition and impurities can be of utmost importance. For this reason, it is necessary to accurately measure and document base metal, filler metal, and weld metal compositions.
Certain alloy systems are notorious for poor weldability, and so both base metal and filler metal compositions should always be determined and reported. For flux-based welding processes (for example cellulosic SMAW [7] and SAW [8] processes), flux chemistry can likewise have a major effect on weld metal composition and subsequently affect the crack susceptibility of the weld metal [9] . Experimental G-BOP test data have even shown that base metal compositions can also influence the weld metal crack susceptibility for small filler dilutions [10] . Possibilities for inadvertent weld contamination must also be considered, including shielding gas, joint preparation, weld fixtures, and entrained weld spatter. Outlined below are two characteristic features that demonstrate the importance of alloy composition on weldability.
Carbon equivalent
The steel-based systems that are welded today represent a broad spectrum of steel compositions, rendering a direct comparison difficult. Thus, carbon equivalent formulas have been developed to provide a quantitative value representative of the weldment composition [11, 12] . This value has in turn served as a proxy to cracking susceptibility. Several empirical values have been proposed (Table 1) weighting each element's effect in regards to the reference element carbon [13] [14] [15] [16] [17] [18] [19] [20] . Hence, these formulas are usually limited in a range of compositions that are included into the envelope of compositions used for their determination. The P cm value has been estimated as a better crack susceptibility index [11] , but this remains a highly contentious subject as high P cm values are not necessarily associated to high crack susceptibility [21] . As none of the existing carbon equivalent formulas seems suitable to evaluate the critical preheat temperature required in weld metal steels to avoid cracking [11] , the welding conditions can be converted into CEN increments to account for the welding conditions [22] . Nevertheless, the general trend follows the carbon content-carbon equivalent mapping concept as designed by the Graville diagram (Fig. 1) , where maximum crack susceptibility happens for simultaneously high carbon contents and high carbon equivalent values (zone III in Fig. 1 ).
Solidification mode
The location of the cracking in high strength low alloy steel weldments has been shown to be controlled partly by the solidification mode (determined by alloy content) [23] . The hydrogen solubility drops during the primary austenite-toferrite transformation and diffuses to the adjacent austenitic zones (Fig. 2) . As the used base metals have higher strengths, the required strength matching between the weld metal and base metal is achieved by the use of richer electrode chemistries, thus delaying in time the weld metal austenite-to-ferrite transformation and enhancing hydrogen transportation from
